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(57)	 ABSTRACT

A microbearing device includes at least one inner bearing
structure, at least one outer bearing structure, and one or more
fasteners. Each of the one or more fasteners is connected
between the inner bearing structure and the outer bearing
structure and the inner bearing structure is substantially elas-
tic.
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STRUCTURALLY COMPLIANT
MICROBEARING DEVICES AND METHODS

THEREOF

This application claims the benefit of U.S. Provisional 5

Patent Application Ser. No. 60/621,521, filed Oct. 22, 2004,
which is herein incorporated by reference in its entirety.

The subject invention was made with government support
from NASA, Grant Number NASA NAG 13-02051. The U.S.
Government may have certain rights.	 10

FIELD OF THE INVENTION

This invention generally relates to micromachines and,
more particularly, to structurally compliant microbearing 15

devices and methods thereof.

BACKGROUND

2
carry the entire load, and high wear rates can only be con-
trolled through the development of surface coatings or treat-
ments. When gas or liquids are available, load can be carried
through the wedging and squeezing action of the entraining
surfaces, and thus only a small percentage of the load is
needed to be carried by asperity interaction. When gas or
liquid films become larger than approximately three times the
standard deviation of combined surface roughness, the prob-
ability of asperity interaction is very low and observed wear is
practically nonexistent, regardless of surface morphology.
This so-called full-film EHL condition is the optimal design
target for lubricated bearing systems.

Unfortunately, this optimal design target for bearing sys-
tems with rigid surfaces can not always be achieved so wear
damage and early seizures of these bearing systems continue.
Efforts have been made to develop surface treatments to the
rigid surfaces of these bearing systems, but these efforts have
met with limited success.

SUMMARY
Initial fabrication requirements for micromachines, such 20

as microactuators, micropumps, and microengines, were
focused on structural robustness, such as mechanical yielding
and fracture strength. The development of improved silicon-
based materials and techniques to evaluate their properties at
the microscale have mitigated to some extent the concern of 25

structural integrity as a critical design factor in microma-
chines. As a result, micromachines with satisfactory fatigue
strength have been fabricated as disclosed in M. Mehregany,
S. D. Senturia, and J. H. Lang, "Measurement of Wear in
Polysilicon Micromotors," IEEE Transactions on Electron 30

Devices, Vol. 39, No. 5, 1992, pp. 1136-1143, S. F. Nagle and
J. H. Lang, A Microscale Electric Induction Machine for a
Micro Gas Turbine Generator," presented at 27th Annual
Meeting of the Electrostatics Society of America, Boston,
Mass., June 1999, and J. Sniegowski and E. Garcia, "Surface- 35

Micromachined Geartrains Driven by an On-Chip Electro-
static Microengine," IEEE Electron Device Letters, vol. 17,
no. 7, 1996, p. 366.

Unfortunately, as problems with structural robustness were
being addressed, other problems with the bearing surfaces in 40

these micromachines become apparent. More specifically, the
operation of moving bearing surfaces in micromachines at
extremely high relative velocities resulted in high rates of
wear micromachines at extremely high relative velocities
resulted in high rates of wear and early seizure of the bearing 45

surfaces. By way of example, this type of wear damage
resulted in an undesirable gap between a bearing surface and
a shaft as illustrated in FIG.1 and disclosed in S. L. Miller, G.
LaVigne, M. S. Rodgers, J. J. Sniegowski, J. P. Waters, and P.
J. McWhorter, "Routes to Failure in Rotating MEMS Devices 50

Experiencing Sliding Friction," Proc. SPIE Micromachined
Devices and Components III, Vol. 3224, Austin, September
1997, pp. 24-30.

To understand the cause of this wear and early seizure
requires an understanding of the forces being applied to these 55

bearing surfaces. As a load is transmitted from one bearing
surface to the other, a gas or liquid film is squeezed or wedged
between the deforming and moving surfaces, creating film
pressure and surface shear tractions which attempt to keep the
surfaces separated. The film pressure in turn induces struc- 60

rural deformation of the interacting surfaces. The ways in
which bearing structural deformation interacts with lubricant
film behavior is often referred to as elastohydrodynamic
lubrication (EHL).

Bearing wear is induced between opposing surfaces 65

through the contact behavior of surface asperities. In the
absence of a gas or liquid lubricant, the asperities need to

A microbearing device in accordance with embodiments of
the present invention includes at least one inner bearing struc-
ture, at least one outer bearing structure, and one or more
fasteners. Each of the one or more fasteners is connected
between the inner bearing structure and the outer bearing
structure and the inner bearing structure is substantially elas-
tic.

A method of making a microbearing device in accordance
with embodiments of the present invention includes forming
at least one inner bearing structure, forming at least one outer
bearing structure, and forming one or more fasteners. Each of
the fasteners is connected between the inner bearing structure
and the outer bearing structure and the inner bearing structure
is formed to be substantially elastic.

A bearing device in accordance with embodiments of the
present invention includes at least one inner ring which is at
least partially continuous, at least one outer ring which is at
least partially continuous, one or more fasteners. Each of the
one or more of the fasteners is connected between the inner
ring and the outer ring. The inner ring is substantially elastic
and each of the inner ring, the outer ring and the one or more
of the fasteners have dimensions less than about 2000 µm.

A method of making a microbearing device in accordance
with embodiments of the present invention includes forming
at least one inner ring which is at least partially continuous,
forming at least one outer ring which is at least partially
continuous, and forming one or more fasteners. Each of the
one or more of the fasteners is connected between the inner
ring and the outer ring. At least the inner ring is formed to be
substantially elastic and each of the inner ring, the outer ring
and the one or more of the fasteners have dimensions less than
about 2000 M.

The present invention provides a number of advantages
including providing microbearing devices which reduce wear
and early seizure of bearing surfaces. The present invention
employs a geometry and structural elasticity at the microscale
that takes advantage of the presence of air or liquid films to
promote full-film EHL performance in the microbearing. Fur-
ther, the present invention is easy to manufacture and results
in highly durable microbearing devices suitable for numerous
applications, including for microturbines and associated
micropower systems, micropumps for lab-on-chip systems,
rotational gratings for light polarization, and microgears for
miniature transmission systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1 is a diagram of a top view of a prior microgear with
wear damage;
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FIG. 2 is a top view of a complaint rotor with radial fas-
teners in accordance with embodiments of the present inven-
tion;

FIG. 3 is a top view of a complaint rotor with spiral shaped
fasteners in a housing in accordance with other embodiments
of the present invention;

FIG. 4 is a graph of film thickness distribution along a
bearing midplane for a prior rigid microbearing device and a
compliant microbearing device in accordance with embodi-
ments of the present invention;

FIG. 5 is a graph of pressure distribution along a bearing
midplane for a prior rigid microbearing device and a compli-
ant microbearing device in accordance with embodiments of
the present invention;

FIGS. 6A, 613, 61), and 6E are cross-sectional, side views
and 6C is a cross-sectional top view of a method of forming a
housing assembly for a microbearing device in accordance
with embodiments of the present invention; and

FIGS. 7A, 713, and 7D-7F are cross-sectional, side views
and 7C is a cross-sectional top view of a method of forming a
microbearing device in accordance with embodiments of the
present invention.

DETAILED DESCRIPTION

microbearing device 10(1) in accordance with embodi-
ments of the present invention is illustrated in FIG. 2. The
microbearing device 10(1) includes an inner ring 12(1), an
outer ring 14(1), fasteners 16(1)-16(3), and gear teeth 18,
although the microbearing device 10(1) can comprise other
numbers and types of components in other configurations.
The present invention relates to microbearing devices with
dimensions less than approximately 2000 microns. The
present invention provides a number of advantages including
providing compliant microbearing devices which alleviate
problems relating to high wear rates, early seizure, and stic-
tion.

Referring more specifically to FIG. 2, the inner sleeve
12(1) has a ring shape which extends completely around a
hollow center 15(1), although the inner sleeve 12(1) could
have other shapes and configurations, such as a tubular shape
which extends around only a portion of the hollow center 15,
and other types of inner bearing structures could be used. The
inner sleeve 12(1) has a diameter of about 400 µm and a
thickness of about 30 µm so that the inner sleeve 12(1) has
structural elasticity, although the inner sleeve 12(1) can have
other dimensions as long as the inner sleeve 12(1) is substan-
tially elastic to allow for deformation during use. The inner
sleeve 12(1) is made of silicon, although the inner sleeve
12(1) could be made of other materials. The hollow center
15(1) of the inner sleeve 12(1) is designed to receive a shaft on
which the inner sleeve 12(1) rotates, although the inner sleeve
12(1) could be mounted on other devices for rotation. The
bearing land length is defined as the depth or length of the
inner surface of the inner sleeve 12(1).

The outer ring 14(1) has a ring shape which extends com-
pletely around and is spaced out from the inner sleeve 12(1),
although the outer ring 14(1) could have other shapes and
configurations, such as a tubular shape which extends around
only a portion of and is spaced out from the inner sleeve 12(1),
and other types of outer bearing structures could be used. The
outer ring 14(1) has a radius of about 750 µm and a thickness
of about 100 µm so that the outer ring 14(1) is substantially
rigid, although the outer ring 14(1) could have other dimen-
sions and could be substantially elastic. The outer ring 14(1)
is made of silicon, although the outer ring 14(1) could be

4
made of other materials which are the same or different from
the materials used for the inner sleeve 12(1).

Fasteners 16(1)-16(3) are each connected at one end to an
outer surface of inner sleeve 12(1) and at another end to an

5 inner surface of the outer ring 14(1) and extend in a radial
direction out from the inner sleeve 12(1), although other
numbers of fasteners connected in other manners could be
used. Each of the fasteners 16(1)-16(3) has length of about
550 M and a width of about 30 µm so that each of the

io fasteners 16(1)-16(3) is substantially elastic, although each of
the fasteners 16(1)-16(3) could have other dimensions and
configurations. Additionally, each of the fasteners 16(1)-16
(3) has a substantially straight shape, although one or more of
the fasteners 16(1)-16(3) could have other shapes. The

15 straight fasteners 16(1)-16(3) allow local flexibility of the
inner sleeve 12(1) while providing structural stability to
translational motion of the outer ring 14(1) relative to the
inner sleeve 12(1). The fasteners 16(1)-16(3) are elastic
enough to isolate the deflection characteristics of the inner

20 sleeve 12(1), while being rigid enough to transmit the load
from the external environment on the outer ring 14(1) to the
inner sleeve 12(1). The fasteners 16(1)-16(3) are made of
silicon, although the fasteners 16(1)-16(3) could be made of
other materials which are the same or different from the

25 materials used for the inner sleeve 12(1) and/or outer ring
14(1).

A plurality of blades 18 extend out from the outer surface
of the outer ring 14(1), although the outer surface of the outer
ring 14(1) may have other numbers of blades or other struc-

30 tures, such as gear teeth, and could extend in other directions
and configurations. The blades 18 enable the microbearing
device 10(1) to function as a microturbine, micropump, or
microgear, although the microbearing device 10(1) could be
configured for other applications. The blades 18 are made of

35 silicon, although the blades 18 could be made of other mate-
rials which are the same or different from the materials used
for the inner sleeve 12(1), the outer ring 14(1), and/or the
fasteners 16(1)-16(3).

The microbearing device 10(2) shown in FIG. 3 is identical
40 to the microbearing device 10(1) shown in FIG. 2, expect as

described herein. Elements in FIG. 3 which are like those
shown in FIG. 2 will have like reference numerals.

In this embodiment, the inner sleeve 12(2) also has a ring
shape which extends completely around a hollow center 15,

45 although the inner sleeve 12(2) could have other shapes and
configurations, such as a tubular shape which extends around
only a portion of the hollow center 15, and other types of inner
bearing structures could be used. The inner sleeve 12(2) has a
diameter of about 400 µm and a thickness of about 30 µm so

50 that the inner sleeve 12(2) has structural elasticity, although
the inner sleeve 12(2) can have other dimensions as long as
the inner sleeve 12(2) is substantially elastic to allow for
deformation during use. The inner sleeve 12(2) is made of
silicon, although the inner sleeve 12(2) could be made of

55 othermaterials.Thehollow center 15ofthe inner sleeve l2(2)
is designed to receive a shaft on which the inner sleeve 12(2)
rotates, although the inner sleeve 12(2) could be mounted on
other devices for rotation. The bearing land length is defined
as the depth or length of the inner surface of the inner sleeve

60 12(2).
The outer ring 14(2) has a ring shape which extends com-

pletely around and is spaced out from the inner sleeve 12(2),
although the outer ring 14(2) could have other shapes and
configurations, such as a tubular shape which extends around

65 only a portion of and is spaced out from the inner sleeve 12(2),
and other types of outer bearing structures could be used. The
outer ring 14(2) has a radius of about 750 µm and a thickness
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of about 100 µm so that the outer ring 14(2) is substantially	 surface deformation of the compliant inner ring 12(1). The
rigid, although the outer ring 14(2) could have other dimen- 	 elastic "pinching" action of the compliant inner ring 12(1)
sions and could be substantially elastic. The outer ring 14(2)

	
allows for the formation of a small pocket of air, causing a

is made of silicon, although the outer ring 14(2) could be
	

bimodal peak pressure distribution. The constrained fluid, a
made of other materials which are the same or different from 5 liquid(s) or gas(es), such as air, in the pocket effectively
the materials used for the inner sleeve 12(2). 	 spreads out the load carrying region over a larger contact area

Fasteners 20(1)-20(8) are each connected at one end to an	 of the bearing surface. This allows for a larger resultant load
outer surface of inner sleeve 12(2) and at another end to an

	
for the specified minimum film thickness and also reduces

inner surface of the outer ring 14(2), although other numbers 	 wear and early seizures. In contrast, the prior rigid bearing is
of fasteners connected in other manners could be used. Each io limited by cylindrical geometry to produce a single pressure
of the fasteners 20(1)-20(8) has length of about 200 µm and a 	 peak. This results in a substantially smaller load capacity for
width of about 10 µm so that each of the fasteners 20(1)-20(8)

	
the same minimum film thickness and much greater wear and

is substantially elastic, although each of the fasteners 20(1)- 	more frequent early seizures.
20(8) could have other dimensions. Additionally, each of the

	
The operation of the microbearing device 10(2) shown in

fasteners 20(1)-20(8) has a substantially spiral shape and is 15 FIG. 3 is identical to the operation of the microbearing device
secured in direction of intended travel of the outer ring 14(2)

	
10(1) shown in FIG. 2, expect as described herein. The hollow

to be configured to absorb any deformations, although one or 	 center 15(2) of the inner sleeve 12(2) is also mounted on a
more of the fasteners 20(1)-20(8) could have other shapes.	 shaft or other structure for rotation. Another structure, such as
The spiral shaped fasteners 20(1)-20(8) allow the inner sleeve	 gear teeth, strike one or more of the gear teeth 21 causing the
12(2) to deform freely with minimal interference from the 20 outer ring 14(2) to move, although the outer ring 14(2) could
constraints of the fasteners 20(1)-20(8). The fasteners 20(1)- 	be engaged to move in other manners, such as by a fluid
20(8) are elastic enough to isolate the deflection characteris-	 striking one or more of the gear teeth 21. This rotational
tics of the inner sleeve 12(2), while being rigid enough to 	 motion of the outer ring 14(2) is translated by the fasteners
transmit the load from the external environment on the outer

	 20(1)-20(8) to the inner ring 12(2) which rotates about the
ring 14(2) to the inner sleeve 12(2). A mode shape analysis 25 shaft seated in the hollow center 15(2). As explained in
technique described in detail by S. Boedo and J. F. Booker, 	 greater detail below, the structural elasticity of the inner ring
"Modal and Nodal EHD Analysis for Gas Journal Bearings,"

	
12(2) makes the microbearing device 10(2) more resistant to

ASME Journal of Tribology, vol. 127, 2005, pp. 306-314,	 wear and early seizure.
which is herein incorporated by reference in its entirety, can

	
As shown in the graphs in FIGS. 4-5, the performance of

be used to quantify the difference in elasticity between the 30 the microbearing device 10(2) is enhanced because of the
inner sleeve, fasteners, and the outer ring in the microbearing	 surface deformation of the compliant inner ring 12(2) in the
devices 10(1) and 10(2). The fasteners 20(1)-20(8) are made	 same manner as the performance of the microbearing device
of silicon, although the fasteners 20(1)-20(8) could be made

	
10(1) is enhanced because of the surface deformation of the

of other materials which are the same or different from the 	 compliant inner ring 12(1) described earlier.
materials used for the inner sleeve 12(2) and/or outer ring 35	 Referring to FIGS. 6A-6E, a method for making a housing
14(2).	 assembly 30 for the microbearing devices 10(1) and 10(2) is

A plurality of gear teeth 21 extend out from the outer
	

illustrated, although the housing assembly 30 could be made
surface of the outer ring 14(2), although the outer surface of

	
in other manners and the microbearing devices 10(1) and

the outer ring 14(2) may have other numbers of blades or
	

10(2) can be used with other devices and structures. A starting
other structures, such as gear teeth, and could extend in other 40 substrate 32 having a diameter of about 100 mm and a mini-
directions and configurations. The gear teeth 21 enable the 	 mum thickness of about 0.5 mm and made of silicon is pro-
microbearing device 10(1) to function as a microturbine, 	 vided as shown in FIG. 6A, although other dimensions and
micropump, or microgear, although the microbearing device 	 materials could be used for substrate 32.
10(1) could be configured for other applications. The gear

	
Next, a resist material 36 is deposited to cover an entire

teeth 21 are made of silicon, although the blades could be 45 surface of the substrate 32, although the resist material 36
made of other materials which are the same or different from 	 could be deposited in other manners. The resist material 36 is
the materials used for the inner sleeve 12(2), the outer ring 	 etched into the desired pattern on the substrate 32 as shown in
14(2), and/or the fasteners 20(1)-20(8).	 FIGS. 6B and 6C, although the resist material 36 can be

The operation of the microbearing device 10(1) will now
	

formed into the desired pattern in other manners.
be described with reference to FIGS. 2, 4, and 5. The hollow 50	 Once the resist material 36 is deposited, exposed and devel-
center 15(1) of the inner sleeve 12(1) is mounted on a shaft or	 oped in the desired pattern, a deep reactive ion etching
structure for rotation. A fluid, a liquid(s) or gas(es), such as

	
(DRIE) tool is used to etch into the exposed portions of the

air, strikes one or more of the blades 18 causing the outer ring	 substrate 32, although other manners of forming the pattern in
14(1) to move, although the outer ring 14(1) could be engaged

	
the resist material 36 couldbe used. In this example, the depth

to move in other manners, such as by another structure strik- 55 of the etching is about 0.40-0.45 mm, although the substrate
ing one or more of the blades 18. This rotational motion of the

	
32 could be etched to other depths. This etching of the sub-

outer ring 14(1) is translated by the fasteners 16(1)-16(3) to	 strate 32 forms the housing assembly 30 with the shaft 38 on
the inner ring 12(1) which rotates about the shaft seated in the	 which the hollow center of 15(1) of inner ring 12(1) or the
hollow center 15(1). The straight shape of the fasteners 16(1)- 	 hollow center 15(2) of the inner ring 12(2) can be rotatably
16(3) provides a greater restriction on the translational 60 mounted.
motion of the outer ring 14(1) compared with using spiral

	
Next, the remaining resist material 36 is stripped from the

shaped fasteners, such as the spiral shaped fasteners 20(1)- 	substrate 32 as shown in FIG. 6E. In this example, a single
20(8). As explained in greater detail below, the structural

	
substrate 32 in the form of a standard 4 inch diameter silicon

elasticity of the inner ring 12(1) makes the microbearing 	 wafer can be used to form approximately ten to fifteen hous-
device 10(1) more resistant to wear and early seizure. 	 65 ing assemblies 30 which are ready to be sawn into separate

As shown in the graphs in FIGS. 4-5, the performance of
	

housing assemblies, although other numbers of housing
the microbearing device 10(1) is enhanced because of the 	 assemblies can be formed on each substrate 32.
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Referring to FIGS. 7A-7F, a method for making the micro- 	 or other designations therefore, is not intended to limit the

bearing devices 10(1) is illustrated, although the microbear- 	 claimed processes to any order except as may be specified in
ing devices 10(1) could be made in other manners. A starting 	 the claims. Accordingly, the invention is limited only by the
substrate 40 having a diameter of about 100 mm and a mini- 	 following claims and equivalents thereto.
mum thickness of about 0.30-0.35 mm and made of silicon is 5

provided as shown in FIG. 7A, although other dimensions and
	

What is claimed:
materials could be used for substrate 40.	 1. A microbearing device comprising:

Next, a resist material 42 is deposited to cover an entire 	 at least one inner bearing structure having an inner surface
surface of the substrate 40, although the resist material 42

	
shaped and sized to freely rotate about a shaft;

could be deposited in other manners. The resist material 42 is 10	 at least one outer ring; and
deposited, exposed and developed into the desired pattern	 one or more fasteners, with each of the one or more fasten-
shown in black in FIG. 7C with the exposed substrate shown	 ers connected between the inner bearing structure and
in white, althoughthe resist material 42 canbe formed into the 	 the outer ring,
desired pattern in other manners. Simply for ease of illustra- 	 wherein the inner bearing structure has a structural elastic-
tion, the complicated etch pattern shown in FIG. 7C is not 15	 ity that creates a bimodal peak pressure distribution by a
illustrated in the cross-sectional views shown in FIGS. 7B and

	
formation of a pocket of constrained fluid over a contact

7D-7F and only a few examples of what etch openings would
	

area of a surface of the microbearing device in response
look like for the exposed portion of the substrate 40 are	 to rotational motion of the at least one outer ring while
illustrated in FIGS. 7B and 7D-7F. 	 continuing to rotate on the shaft.

Next, as shown in FIG. 7D a handle wafer 44 is bonded to 20 2. The device as set forth in claim 1 wherein the outer ring
an opposing surface of the substrate 40 from the resist mate-	 has a thickness which is greater than a thickness of the inner
rial 42 using a photoresist material 43 as an adhesive,	 bearing structure.
although the handle wafer 44 could be attached with other

	
3. The device as set forth in claim 2 wherein the inner

materials and in other manners. The photoresist material 43
	

bearing structure, the outer ring, and the fasteners are made
acts as an etch stop for the DRIE process and holds the 25 out of the substantially the same material.
features of the microbearing device 10(1) in place once the

	
4. The device as set forth in claim 1 wherein the one or more

substrate 40 is etched completely through as shown in FIG.	 of the fasteners comprise a plurality of the fasteners which are
7E. Otherwise, features of the microbearing device 10(1)

	
equidistantly spaced apart between the at least one inner

could be lost in the DRIE etching process. 	 bearing structure and the at least one outer ring and each of the
Next, a DRIE tool is to etch into the exposedportions of the 30 fasteners has a substantially straight shape between ends with

substrate 40 as shown FIG. 7E, although other manners of
	

one of the ends directly connected to the at least one inner
removing the exposed substrate 40 could be used. In this

	
bearing structure and the other one of the ends directly con-

example, the depth of the etching is about 0.40-0.45 mm and
	

nected to the at least one outer ring.
extends though the substrate 40 and stops at the photoresist

	
5. The device as set forth in claim 1 wherein the one or more

material 43 which acts as an etch stop, although etching could 35 of the fasteners comprise a plurality of the fasteners which are
go to other depths. This etching of the substrate 40 forms the	 equidistantly spaced apart between the at least one inner
microbearing device 10(1) which at this point in the process is

	
bearing structure and the at least one outer ring and each of the

still bonded to the handle wafer 44. Next, the remaining resist
	

fasteners has a substantially spiral configuration between
material 42 is stripped from the substrate 44 as shown in FIG. 	 ends with one of the ends directly connected to the at least one
7F. Soaking in acetone removes the photoresist material 43 40 inner bearing structure and the other one of the ends directly
and frees the microbearing device 10(1), although other man- 	 connected to the at least one outer ring.
ners for releasing the microbearing device 10(1) could be

	
6. The device as set forth in claim 1 further comprising one

used.	 or more blades extending out from an outer surface of the
Standard surface micromachining processes, such as those 	 outer ring.

provided by commercially available Sandia Ultra-planar 45	 7. The device as set forth in claim 1 further comprising one
Multi-level MEMS Technology (SUMMIT) and Multi-User 	 or more gear teeth extending out from an outer surface of the
MEMS Processes (MUMPS) can yield maximum bearing 	 outer ring.
land lengths of approximately 50 microns. The process

	
8. The device as set forth in claim 7, wherein the one or

described herein can yield substantially larger bearing land
	

more gear teeth are configured to move the at least one outer
lengths on the order of 500 microns. Such an increase allows 5o ring upon being struck by a fluid.
for comparatively larger bearing contact surfaces and higher

	
9. The device as set forth in claim 1 wherein the at least one

load capacities.	 inner bearing structure has an inner periphery with a circular
The method of manufacturing the microbearing device 	 shape.

10(2) is the same as the method of manufacturing the micro-	 10. A method of making a microbearing device, the method
bearing device 10(1), except that the pattern etched into the 55 comprising:
resist material 42 and the substrate 44 will be different to form

	
forming at least one inner bearing structure having an inner

the microbearing device 10(2). 	 surface shaped and sized to freely rotate about a shaft;
Having thus described the basic concept of the invention, it

	
forming at least one outer ring; and

will be rather apparent to those skilled in the art that the
	

forming one or more fasteners, with each of the fasteners
foregoing detailed disclosure is intended to be presented by 60	 connected between the inner bearing structure and the
way of example only, and is not limiting. Various alterations,	 outer ring,
improvements, and modifications will occur and are intended

	
wherein the inner bearing structure has a structural elastic-

to those skilled in the art, though not expressly stated herein. 	 ity that creates a bimodal peak pressure distribution by a
These alterations, improvements, and modifications are

	
formation of a pocket of constrained fluid over a contact

intended to be suggested hereby, and are within the spirit and 65	 area of a surface of the microbearing device in response
scope of the invention. Additionally, the recited order of pro-	 to rotational motion of the at least one outer bearing
cessing elements or sequences, or the use of numbers, letters, 	 while continuing to rotate on the shaft.
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11.The method asset forth in claim 10 wherein the forming
the outer ring further comprises forming the outer ring to have
a thickness which is greater than a thickness of the inner
bearing structure.

12. The method as set forth in claim 10 wherein the inner
bearing structure, the outer ring, and the fasteners are made
out of the substantially the same material.

13.The method as set forthin claim 10 wherein the forming
the one or more of the fasteners further comprises forming a
plurality of the fasteners which are equidistantly spaced apart
between the at least one inner bearing structure and the at least
one outer ring and each of the fasteners has a substantially
straight shape between ends with one of the ends directly
connected to the at least one inner bearing structure and the
other one of the ends directly connected to the at least one
outer ring.

14.The method as set forth in claim 10 wherein the forming
the one or more of the fasteners further comprises forming a
plurality of the one or more of the fasteners which are equi-
distantly spaced apart between the at least one inner bearing
structure and the at least one outer ring and each of the
fasteners has a substantially spiral shape between ends with
one of the ends directly connected to the at least one inner
bearing structure and the other one of the ends directly con-
nected to the at least one outer ring.

15. The method as set forth in claim 10 further comprising
forming one or more blades that extends out from an outer
surface of the outer ring.

16. The method as set forth in claim 10 further comprising
forming one or more gear teeth extending out from an outer
surface of the outer ring.

17. The method as set forth in claim 16, wherein the one or
more gear teeth are configured to move the at least one outer
ring upon being struck by a fluid.

18.The method as set forth in claim 10 wherein the forming
the inner bearing structure, forming the outer ring and form-
ing the one or more of the fasteners further comprises etching
the inner bearing structure, outer ring, and the one or more of
the fasteners from a substrate.

19. The method as set forth in claim 10 further comprising
forming a housing assembly with a shaft on which the inner
ring is seated for rotational movement within the housing
assembly.

20. The method as set forthin claim 10 wherein the forming
at least one inner bearing structure further comprises forming
the at least one inner bearing structure to have an inner periph-
ery with a circular shape.

21. A microbearing device comprising:
at least one inner bearing which is at least partially con-

tinuous and has an inner surface shaped and sized to
freely rotate about a shaft;

at least outer ring which is at least partially continuous; and
one or more fasteners, with each of the one or more of the

fasteners connected between the inner bearing and the
outer ring,

wherein the inner bearing structure has a structural elastic-
ity that creates a bimodal peak pressure distribution by a
formation of a pocket of constrained fluid over a contact
area of a surface of the microbearing device in response
to rotational motion of the at least one outer ring while
continuing to rotate on the shaft and wherein each of the
inner bearing, the outer ring and the one or more of the
fasteners have dimensions less than 2000 µm.

22. The device as set forth in claim 21 wherein the outer
ring has a thickness which is greater than a thickness of the
inner bearing.

10
23. The device as set forth in claim 21 wherein the inner

bearing, the outerring, and the one or more of the fasteners are
made out of the substantially the same material.

24. The device as set forth in claim 21 wherein the one or
5 more of the fasteners further comprise a plurality of the fas-

teners which are equidistantly spaced apart between the at
least one inner bearing and the at least one outerring and each
of the fasteners has a substantially straight shape between
ends with one of the ends directly connected to the at least one

io inner bearing and the other one of the ends directly connected
to the at least one outer ring.

25. The device as set forth in claim 21 wherein the one or
more of the fasteners further comprise a plurality of the fas-
teners which are equidistantly spaced apart between the at

15 least one inner bearing and the at least one outerring and each
of the fasteners has a substantially spiral shape between ends
with one of the ends directly connected to the at least one
inner bearing and the other one of the ends directly connected
to the at least one outer ring.

20 26. The device as set forth in claim 21 further comprising
one or more blades extending out from an outer surface of the
outer ring.

27. The device as set forth in claim 21 further comprising
one or more gear teeth extending out from an outer surface of

25 the outer ring.
28. The device as set forth in claim 27, wherein the one or

more gear teeth are configured to move the at least one outer
ring upon being struck by a fluid.

29. The device as set forth in claim 21 wherein the at least
30 one inner bearing has an inner periphery with a circular shape.

30.A method of making a microbearing device, the method
comprising:

forming at least one inner bearing which is at least partially
continuous and has an inner surface shaped and sized to

35	 freely rotate about a shaft;
forming at least one outer ring which is at least partially

continuous; and
forming one or more fasteners, with each of the one or more

of the fasteners connected between the inner bearing and
40	 the outer ring,

wherein the inner bearing has a structural elasticity that
creates a bimodal peak pressure distribution by a forma-
tion of a pocket of constrained fluid over a contact area
of a surface of the microbearing device in response to

45 rotational motion of the at least one outer ring while
continuing to rotate the shaft and wherein each of the
inner bearing, the outer ring and the one or more of the
fasteners have dimensions less than 2000 µm.

31. The method as set forth in claim 30 wherein the forming
50 the outer ring further comprises forming the outerring to have

a thickness which is greater than a thickness of the inner
bearing.

32. The method as set forth in claim 30 wherein the inner
bearing, the outer ring, and the fasteners are made out of the

55 substantially the same material.
33. The method as set forthin claim 30 wherein the forming

the one or more of the fasteners further comprises forming a
plurality of the fasteners which are equidistantly spaced apart
between the at least one inner bearing and the at least one

60 outer ring and each of the fasteners has a substantially straight
shape between ends with one of the ends directly connected to
the at least one inner bearing and the other one of the ends
directly connected to the at least one outer ring.

34. The method as set forthin claim 30 wherein the forming
65 the one or more of the fasteners further comprises forming a

plurality of the fasteners which are equidistantly spaced apart
between the at least one inner bearing and the at least one
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outer ring and each of the fasteners has a substantially spiral
shapebetween ends with one of the ends directly connected to
the at least one inner bearing and the other one of the ends
directly connected to the at least one outer ring.

35. The method as set forth in claim 30 further comprising 5

forming one or more blades that extends out from an outer
surface of the outer ring.

36. The method as set forth in claim 30 further comprising
forming one or more gear teeth extending out from an outer 10
surface of the outer ring.

37. The device as set forth in claim 36, wherein the one or
more gear teeth are configured to move the at least one outer
ring upon being struck by a fluid.

12
38. The method as set forth in claim 30 wherein the forming

the inner bearing, forming the outer ring and forming the one
or more of the fasteners further comprises etching the inner
bearing, outer ring, and the one or more of the fasteners from
a substrate.

39. The method as set forth in claim 30 further comprising
forming a housing assembly with a shaft on which the inner
bearing is seated for rotational movement within the housing
assembly.

40. The method as set forth in claim 30 wherein the forming
at least one inner bearing further comprises forming at least
one inner bearing to have an inner periphery with a circular
shape.
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